We established a method for estimating pediatric doses of drugs metabolized by cytochrome P450 (CYP) isozymes, using the free fraction of drug in plasma ( fu), serum protein level (P ), liver volume (LV ), and CYP activity (Vmax/ Km) as indices of physiological and biochemical development in children up to 15 years old. This method allows the child/adult dose ratio (D C /D A )＝child/adult oral clearance ratio (CL (PO)C /CL (PO)A ) of drugs mainly metabolized in the liver to be estimated by the following equation:
We established a method for estimating pediatric doses of drugs metabolized by cytochrome P450 (CYP) isozymes, using the free fraction of drug in plasma ( fu), serum protein level (P ), liver volume (LV ), and CYP activity (Vmax/ Km) as indices of physiological and biochemical development in children up to 15 years old. This method allows the child/adult dose ratio (D C /D A )＝child/adult oral clearance ratio (CL (PO)C /CL (PO)A ) of drugs mainly metabolized in the liver to be estimated by the following equation:
Major metabolism of drugs was ascribed to CYP1A2 for theophylline and caŠeine, and CYP1A2 and CYP2D6 for propranolol and mexiletine. For theophylline and caŠeine, CL (PO)C /CL (PO)A calculated from the child/adult body surface area ratio (BSA ratio) and the value calculated by our method were compared, using Â CL (PO)C / Â CL (PO)A calculated from the clearance ratio based on population pharmacokinetics (PPK ratio) as a reference. For all drugs, pediatric doses calculated from the Crawford equation and our equation were compared, with predetermined doses as the reference. For theophylline and caŠeine, the relative accuracy of our method was signiˆcantly higher than that of BSA-based estimation when the PPK ratio was used for reference. For theophylline, caŠeine, and propranolol, the relative accuracy of our method was signiˆcantly higher than that of BSA-based estimation when predetermined doses were used for reference. Theseˆndings indicate the validity of our method which considers the physiological and biochemical development (i.e., fu, P, LV, and CYP activity) for pediatric dose estimation.
INTRODUCTION
Since pharmacokinetics and pharmacodynamics of drugs have not been fully elucidated in children, pediatric doses have not been established for many drugs. When using such drugs in pediatric patients, it is di‹cult for medical professionals to determine the appropriate doses. Therefore, when a physician prescribes a drug without a recommended dose for children, the adult dose is modiˆed based on the age, weight, and body surface area (BSA) of the child in question using the Augsberger equation, Young equation, Clark equation, Crawford equation, or conversion table of von Harnack. Among them, the Crawford equation is based on the assumption that the pediatric dose is proportional to the child/adult BSA ratio. Augsberger equation and conversion table of von Harnack are the simpliˆed expression of the Crawford equation, and thus used routinely in clinical situations. However, these methods of estimation do not take the physiological and biochemical development of children into account. We previously reported that pediatric dose estimation incorporating measures of physiological/biochemical development was more accurate than conventional estimation for drugs mainly excreted via the kidneys. Our method included the free fraction of drug in plasma ( fu), serum protein level (P ), glomerularˆltration rate (GFR), and tubular secretion clearance (Sc), which directly aŠect the clearance (CL) of drugs mainly ex-creted via the kidneys. 1, 2) With regard to metabolism in the liver, the development of various metabolizing enzymes cytochrome P450 (CYP isozymes) occurs at diŠerent rates. 3) For example, it takes about 3 years after birth before CYP1A2 reaches 80％ of its activity in adults. Therefore, variations of CYP activity should be taken into consideration for pediatric dose estimation.
In this study, we established a new method of pediatric dose estimation for drugs metabolized by CYP, in children aged 15 years or younger that incorporated factors to allow for the in‰uence of physiological/biochemical development. We employed fu, P, LV, and CYP activity as indices of physiological and biochemical development in children up to 15 years old, and designated this method as the``method for estimating pediatric doses based on physiological and biochemical development'' (ePPBD). For drugs with the ePPBD and estimation based on the BSA ratio were compared, using the mean oral clearance ra-
population pharmacokinetic analysis ( Â CL (PO) ) for reference. The validity of the ePPBD was also examined by comparison with the Crawford equation, using predetermined dose such as those listed in package inserts or reported in the literature as the reference.
METHODS
Establishing a Method of Pediatric Dose Estimation that Incorporates fu, P, LV, and Hepatic CYP Activity (Namely ePPBD)
The maintenance dose (D ) is expressed by Eq. (1), which incorporates bioavailability (F ), systemic clearance (clearance: CL) (l/h/body), mean steady state blood concentration in (Css), and administration interval (t).
Equation (2) is derived from Eq. (1), because F is the production of the fraction of drug absorbed (Fa), and the fractions of drug which avoidsˆrst-pass extraction through the gut and liver (Fg and Fh, respectively).
The clearance of drugs mainly metabolized in the liver can be approximated by the hepatic clearance (CLh) CL, so Fg≒1. When it is assumed that Fa C ＝Fa A , the dose ratio that yields the equivalent Css after oral administration (with the t being common in child and adult) can be estimated by Eq. (3), where CL (PO) is the systemic clearance after oral administration, and subscripts C and A represent a child and an adult, respectively.
Eq. (3) Equation (3) can then be expressed as Eq. (4), because CLh/Fh＝fu･CLint (CLint: intrinsic hepatic clearance).
It has been reported that fu C can be expressed in terms of fu A and the P, as shown in Eq. (5). 3)
Since fu C depends on the type of protein to which a drug is bound, i.e., it depends on whether a drug mainly binds to human serum albumin (HSA) or to a 1 -acid glycoprotein (AGP), fu C is estimated as shown below.
For drugs mainly bound to HSA, P is substituted by the HSA level [HSA]. Then, Eq. (5) can be expressed as Eq. (6).
It has been reported that the relationship between [HSA C ] and age can be expressed as Eq.
Eq. (7) On the other hand, for drugs mainly binding to AGP, P is substituted by the AGP level [AGP]. Then, Eq.
(5) can be expressed as Eq. (8).
It has been reported that the relationship between than Km and thus the metabolism is considered to be linear.
When there are more than one important metabolic pathways, D C /D A is calculated from the weighted average obtained as enzyme activity multiplied by its contribution ratio of X i , as expressed in Eq. (11) . (13)), based on the standard height (HT) and standard weight (Wt) of Japanese children published in 2000. 4, 5) BSA(m 2 )＝71.84×HT(cm) 0.725 ×Wt(kg) 0.425
×0.0001
Eq. (13) Theˆnal equations for calculating the oral clearance ratio and pediatric dose are Eqs. (14) and (15), respectively.
Evaluation of the New Dose Estimation Method (ePPBD) Incorporating Physiological Development Selection of Drugs We selected drugs to evaluate our method according to the following criteria.
(1) Urinary excretion of the unchanged drug (Ae) is less than 10％. 6) (2) The drug mainly binds to HSA or AGP. 7 10) (3) The drug is metabolized by hepatic enzymes including CYP1A2, the development of which is relatively slow compared with CYP2C8, 2C9, 2C19, 2D6, and 3A. For example, about half of the adult CYP1A2 activity was reached at 1-year after birth, while about 80％ the adult CYP3A activity was reached at 1-year after birth. (4) Population mean clearance data for children and adults have been published. 3, 11, 12) (5) Doses have been published in package inserts or literature from Japan or overseas. 3,13 17) Theophylline and caŠeine were selected according to criteria (1) (4), while propranolol and mexiletine were selected according to criteria (1), (2) , (3), and (5) ( Table 2) .
It was assumed that theophylline and caŠeine are for the most part metabolized by CYP1A2 (Eq.
(10)). In addition, it was assumed that propranolol and mexiletine are metabolized by CYP1A2 and CYP2D6, so the dose was estimated by using the weighted average contribution of each enzyme (Eq.
(11)). Their contributions were estimated to be CYP1A2：CYP2D6＝28％：72％ for propranolol and 18％：82％ for mexiletine. 18, 19) For the above-mentioned drugs, estimation by the ePPBD and estimation by the conventional BSAbased method were compared, using the population mean oral CL ( Â CL (PO) ) and standard D C (predetermined dose) for references.
Evaluation of Pediatric Dose Estimation Compared with the PPK Ratio
As shown in Table 2 , Â CL (PO) for adults and for children in each age bracket were calculated using the population mean oral clearance ( Â CL (PO) ) of theophylline and caŠeine, after which the Â CL (PO)C / Â CL (PO)A ratio (PPK ratio) was calculated. Standard values of HT (cm) and Wt (kg) were used for children in each age bracket, while the age of adults was assumed to be 20. Mean HSA A was set at 45.5 (g/L) 20) and mean AGP A was at 0.60 (g/L). 21) Based on the allometric principle, CL(PO) C /CL (PO)A 0.5 to ＜1 age (y) 6 mg/kg/day 13) 1 15 age (y) 8～10 mg/kg/day 13) 400 mg/day 13) 0 to ＜1 age (y):
0.0322±0.0047 11) 1 to ＜2 age (y):
0.0461±0.0062 11) 2 to ＜3 age (y):
0.0537±0.0149 11) 3 to ＜4 age (y):
0.0682±0.0135 11) 4 to ＜5 age (y):
0.0621±0.0117 11) 6 to ＜10 age (y):
0.0745±0.0158 11) 10 to ＜15 age (y):
0.0755±0.0267 11) 13 to ＜53 age (y): 0.0557±0.0394 12) CaŠeine CYP1A2 1.1 0.64 HSA 8) 0.083 0.33 age (y), 0.5 1.6 age (y) 2～10 mg/kg/day 3) 200～900 mg/day 14) 0.083 0.33 age (y):
0.034±0.018 3) The Â CL (PO) ratio (PPK ratio) was compared with CL(PO) C /CL (PO)A calculated from the ePPBD (Eq. (14)) and with BSA C /BSA A (BSA ratio) (Eq. (16)) to evaluate the relative accuracy of the ePPBD.
Evaluation of Pediatric Dose Estimation Compared with Predetermined Doses
The pediatric dose (D C ) calculated from the ePPBD (Eq. (15)) and that calculated from the Crawford equation (estimation based on BSA) (Eq. (17)) were also compared to evaluate the relative accuracy of the ePPBD, using predetermined doses for reference. The predetermined dose was deˆned as the minimum dose when both maximum and minimum doses are stipulated in the package inserts, because the maximum dose is often determined from the maximum-tolerated dose.
Statistical Validation of the ePPBD In order to evaluate the relative accuracy of the ePPBD, the relative root mean squared prediction error (RMSE) 22) was calculated according to Eq. (18).
Eq. (18) The PPK ratio or predetermined dose was used for z, and estimation from ePPBD or based on BSA was used for šz.``i'' in the above equation represents the age points deˆned in this study.
To calculate relative RMSE (％), 181 age points were used, which were obtained by equally dividing the population aged 0 to 15. However, some age brackets lacked a predetermined PPK ratio or predetermined dose. Thus, in the case of theophylline, 169 age points were used for the PPK ratio (no data for age 5), and 175 age points were used for comparison with the predetermined dose (no data for age 6 months or younger). In the case of caŠeine, 18 age points were used for comparison with the PPK ratio and with the predetermined dose (data were available only for ages 0.083 to 0.33 and 0.5 to 1.6). In the case of mexiletine, 84 age points were used for comparison with the predetermined dose (data were available only for ages 7 to 13).
For comparison of estimates obtained from the ePPBD with BSA-based estimates, the paired t-test was conducted to assess relative RMSE (％) values (SPSS11.0 J for Windows, SPSS Inc.). Before testing, the relative RMSE values were divided into 15 to 18 age points, in consideration of the age range. Figure 1 shows the relative RMSE of CL(PO) C /CL (PO)A calculated from the BSA ratio based on the allometric principle and that calculated with the ePPBD, in comparison with the PPK ratio. For theophylline, the relative RMSE of CL(PO) C /CL (PO)A estimated by the ePPBD was lower than that obtained with the BSA-based method for boys and girls in every age bracket, except the age bracket of 6 to 10 years. The relative RMSE of CL(PO) C /CL (PO)A calculated by the BSA-based method and that calculated by the ePPBD was respectively 67.3％ and 17.8％ for boys, and 59.5％ and 17.4％ for girls of age 0 to 15. For caŠeine, the relative RMSE of CL(PO) C /CL (PO)A calculated with the BSAbased method and that calculated with the ePPBD was respectively 198％ and 48.8％ for boys, and 181 ％ and 50.7％ for girls of ages combining 0.083 0.33 and 0.5 1.6. For both theophylline and caŠeine, the predictive relative accuracy of the ePPBD was signiˆcantly ( p＜0.05) higher than that of the BSAbased method for both boys and girls. These results indicated that the ePPBD was superior to the BSAbased method when the PPK ratio was used for reference.
RESULTS

Evaluation of Pediatric Dose Estimation Compared with the PPK Ratio
Evaluation of Pediatric Dose Estimation Compared with Predetermined Doses Figure 2 shows the relative RMSE of the pediatric dose (D C ) calculated from the Crawford equation (D A ･BSA C / BSA A ) and that calculated by the ePPBD, in comparison with the predetermined dose. For theophylline, the relative RMSE of D C calculated by the Crawford equation and that obtained with the ePPBD was respectively 19.0％ and 13.6％ for boys, and 34.9％ and 17.5％ for girls of age 0 to 15. In the case of caŠeine, the relative RMSE of D C calculated from the Crawford equation and that from the ePPBD was respectively 16.3％ and 4.42％ for boys, and 21.8％ and 5.12％ for girls of age 0 to 15. For propranolol, the relative RMSE of D C calculated from the Crawford equation and that obtained with the ePPBD was respectively 41.8％ and 32.3％ for boys, and 33.0％ and 21.3％ for girls of age 0 to 15. For theophylline, caŠeine, and propranolol, the predictive relative accuracy of the ePPBD was again signiˆcantly (p＜ 0.05) higher than that of the Crawford equation for both boys and girls of age 0 to 15 when the predetermined doses were used for reference. With mexiletine, however, the relative RMSE of D C calculated from the Crawford equation and that from the ePPBD was respectively 8.97％ and 8.41％ for boys, and 15.0％ and 28.8％ for girls of age 7 to 13. The predictive relative accuracy of the ePPBD, in the case mexiletine, was signiˆcantly ( p＜0.05) lower than that of the Crawford equation for girls of age 7 to 13.
DISCUSSION
In general, BSA is well correlated with physiological function and thus drug doses can be appropriately estimated based on BSA values. However, the rate of development varies among hepatic metabolizing enzymes, and a some period is necessary for children to acquire adult levels of enzyme activity. Therefore, dose estimation based only on BSA is not adequate, especially for infants and neonates. This study was focused on CYP1A2, which takes 3 years after birth to reach 80％ of adult activity, and we considered that the pediatric dose could be more appropriately estimated by incorporating fu, LV, and CYP activity in the calculations. In this study, we estimated the pediatric dose at each stage of development from the adult dose. Figure 3 shows the changes with age of fu (HSA, AGP), Vmax/Km (CYP1A2, CYP2D6), LV and BSA, expressed as child/adult ratios. 3 5) HSA, AGP, and Vmax/Km only vary with age, so that the values for boys and girls are the same. However, LV and BSA are calculated from the standard height and weight of boys and girls, so that the values for boys and girls are diŠerent. The fu ratio depends on the adult fu value, so the median value, fu A ＝0.5 was used for this calculation as an example. The value of fu is higher in children than in adults due to lower protein levels in children, and there is considerable variation when dose estimation is attempted for neonates and infants. LV and CYP1A2 are lower in children than in adults because of their less developed hepatic function, and LV increases to the adult level faster in girls than in boys because of the relatively rapid growth in girls compared with boys. Therefore, our ePPBD that incorporates these factors may be a useful method for dose estimation because it allows for signiˆcant variation of development in neonates and infants, and for diŠerences in development between boys and girls.
Theophylline and caŠeine are the only substrates of CYP1A2 for which PPK values have been reported for adults and children, to our knowledge at best. Therefore, the reliability and relative accuracy of the ePPBD were evaluated by comparing ePPBD and BSA-based estimates with the CL value of PPK as the reference. As a result, for both theophylline and caŠeine, the ePPBD produced estimates closer to the PPK ratio than the BSA-based method. Especially for theophylline, the value estimated by the ePPBD was signiˆcantly closer to the PPK ratio than that estimat-ed by the BSA-based method in children aged 5 or younger. Thisˆnding suggests that because BSAbased estimation does not take the development of CYP activity into account, BSA-based estimation is inadequate for infants. The ePPBD method gave better estimates of the PPK ratio for theophylline as compared with the BSA-ratio, suggesting that the age-dependent changes of theophylline clearance is relatively close to the CYP1A2 growth curve. On the other hand, the age-dependent changes of caŠeine clearance lies approximately in the center between the ePPBD estimates and BSA-based estimates and thus the ePPBD method gave similar estimates of the PPK ratio with the BSA-ratio for caŠeine in terms of the RMSE comparison. The ePPBD incorporates fu, P, LV, and CYP activity to estimate the doses of drugs metabolized by CYP1A2 and thus is more accurate than the BSA-based method, especially in infants for whom dose estimation is often di‹cult. Theseˆnd-ings suggest that the ePPBD is superior to the BSAbased method.
In addition to evaluation by comparison with the PPK ratio, the relative accuracy of the ePPBD was evaluated by comparison with the predetermined dose. As a result, for theophylline, caŠeine and propranolol, the predictive relative accuracy of the ePPBD was higher in both boys and girls. The contribution of CYP2D6 is as high as 82％ for mexiletine. Since the growth of CYP2D6 is rapid (i.e., 90％ of the adult level at 1-year), our ePPBD method does not show superiority against the Crawford equation, in the case of mexiletine. Theseˆndings indicate that the ePPBD could also estimate doses more accurately when the predetermined dose was used for a reference instead of the PPK ratio.
In the present study, our method (the ePPBD) was compared with the population mean CL value or with the predetermined doses. Accordingly, this study has a limitation that the relative accuracy and precision of CL estimates in the literatures will signiˆcantly in‰uence the comparison. Also, we used predetermined doses as a reference for estimating pediatric doses, but rationale for setting the predetermined doses was not always clear. Therefore, the relative accuracy and precision of the predetermined doses may be another problem with our study. In this study, dose estimation was based solely on pharmacokinetic considerations; however, pharmacodynamics may also diŠer between adults and children. Thus, it appears, regarding mexiletine, that the predictive relative accuracy of the ePPBD may be lower in both boys and girls compared with that of the BSA-based estimation. Moreover, our study has a limitation that the number of drugs surveyed is only four.
The results of this study suggested that our method for pediatric dose estimation employing fu, P, LV, and CYP activity is valid because it approximates the pharmacokinetics of drugs metabolized by CYP1A2 together with other hepatic enzymes. Unlike BSAbased estimation, which was considered to be an adequate method based on the development of children, our method incorporating fu, P, LV, and CYP activity to estimate pharmacokinetics is a novel approach that has not been tried in practice. However, our method seems especially useful for neonates and infants, who show marked diŠerences of physiology. When setting the dose of a new drug that has never been used in children, our method could be superior to the conventional method that lacks allowance for pharmacokinetic property of the drug. Future study should be performed in order to take pharmacodynamics (i,e., eŠects and toxicity) of drugs into consideration. Moreover, we await to demonstrate the signiˆcance and usefulness of our new calculation method in clinical practice.
